ABSTRACT: The nucleotide sequences of the chloroplast rbcL, matK, and psbA-trnH and nuclear internal transcribed spacer (ITS) regions were determined from all species of Viburnum in Korea with multiple accessions to reconstruct the phylogeny and to evaluate the utility of the DNA sequences as DNA barcodes. The results of phylogenetic analyses of the cpDNA and ITS data are consistent with the findings of previous studies of Viburnum. Four morphologically closely related species, V. dilatatum, V. erosum, V. japonicum, and V. wrightii, were included in a strongly supported sister clade of V. koreanum and V. opulus. Viburnum odoratissimum is suggested to be sister to the V. dilatatum/V. koreanum clade in the cpDNA data, while V. odoratissimum is a sister to V. furcatum in the ITS data. Viburnum burejaeticum and V. carlesii are strongly supported as monophyletic. Our analyses of DNA barcode regions from multiple accessions of the species of Viburnum in Korea confirm that six out of ten species in Korea can be discriminated at the species level. The V. dilatatum complex can be separated from the remaining species according to molecular data, but the resolution power to differentiate a species within the complex is weak. This study suggests that regional DNA barcodes are useful for molecular species identification in the case of Viburnum when flowering or fruiting materials are not available.
The genus Viburnum L. consists of 150-200 species of small trees and shrubs widely distributed in temperate and subtropical regions of Asia, Europe, North Africa, and the Americas with high species diversity in eastern Asia and Latin America (Rehder, 1908; Donoghue, 1983; Hara, 1983; Donoghue et al., 2004) . Viburnum is characterized within Adoxaceae by having simple leaves and single-stoned drupes (Donoghue et al., 2003) . Plants of Viburnum have been widely utilized as ornamentals due to their showy flowers and fragrancy, such as V. opulus L., and V. carlesii Hemsl. and as a medicine source, such as V. tinus L. and V. erosum Thunb. (Mabberley, 1997; Ahn, 1998; Kwon et al., 2003) .
The phylogeny of Viburnum has been extensively studied using various DNA regions in both nuclear and chloroplast genomes Donoghue 2004, 2005; Donoghue 2011, 2012; Clement et al., 2014) . These studies have improved our understanding of the phylogeny, the evolution of morphological characters and the biogeography of Viburnum. Most traditionally recognized sections within Viburnum (Hara, 1983) were supported as monophyletic Donoghue 2004, 2005; Donoghue 2011, 2012; Clement et al., 2014) . Clement et al. (2014) proposed a phylogenetic classification (Cantino et al., 2007) based on strongly supported and congruent clades among different data sets of chloroplast DNA.
In Korea, ten species of Viburnum belonging to five sections (Hara, 1983) or clades (Clement et al., 2014) are distributed (Hong and Im, 2003; Kim, 2007) (Table 1) . Previous phylogenetic studies using chloroplast DNA regions attempted to resolve higher level relationships in Viburnum and included most of the species, but only one accession per species was analyzed (Clement and Donoghue 2012; Clement et al., 2014) . Phylogenetic studies using nuclear genomes, such as internal transcribed spacer (ITS) regions and GBSSI , included some of the species, though the phylogenetic relationships among the species, especially those in the same clade, have remained unclear. In particular, V. burejaeticum Regel & Herder, V. wrightii Miq., and V. koreanum Nakai were not included in the phylogenetic analyses using nuclear DNA regions Winkworth and Donoghue 2004) .
The utility of DNA barcoding is well established in variety of plant taxa (Hebert et al., 2003; Kress et al., 2005; Lahaye et al., 2008; CBOL Plant Working Group, 2009; Xiang et al., 2011; Kim et al., 2014) . The performance of DNA barcoding in Viburnum with rbcL, matK, rpl32-trnL, psbA-trnH, trnK, and ITS regions from 112 species showed very low levels of species resolution among closely related species. The establishment of a regional barcode database with multiple accessions encompassing the distributional range in Korea and an assessment of the levels of variation in Viburnum are necessary to make the molecular species identification tool useful (Kim et al., 2014; Youm et al., 2016) .
This study aims to determine the DNA sequences of rbcL, matK, psbA-trnH, and ITS regions from multiple accessions of all species of Viburnum in Korea to assess the level of differentiation of the species and to evaluate the resolution power of DNA barcodes to identify a species. In addition, we provide a phylogeny of Viburnum with Korean species, onto which some important morphological characters are mapped.
Materials and Methods

Taxon and gene sampling
Ten taxa distributed in Korea were included in this study (Table 1 , Appendix 1). Viburnum erosum var. taquetii (H. Lév) Rehder was not included due to a lack of appropriate samples. Taxonomic identity of this taxon should be evaluated further, as a diagnostic character of V. erosum var. taquetii appears to be plastic. Four to eight accessions per taxon were analyzed, except for V. koreanum, whose distribution is limited at the high elevation of Mt. Seoraksan in Korea (Table 1) . Viburnum clemensiae Kern was included as an outgroup based on previous studies Clement and Donoghue, 2012; Clement et al., 2014) .
Dried leaves of herbarium specimens or fresh leaves collected in the wild were used to isolate total DNA with the DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany). Three cpDNA regions, in this case the rbcL, matK, and psbA-trnH regions and nuclear ribosomal ITS regions were amplified via polymerase chain reactions (PCR). Primers for the cpDNA regions from previous studies were used (Soltis et al., 1992; Sang et al., 1997; Cuénoud et al., 2002; Kress and Erickson, 2007; Kim et al., 2014) . The ITS regions were amplified using the primers its6 and its9 (Youm et al., 2016 For certain accessions of V. erosum, V. japonicum C. K. Spreng., and V. wrightii, direct sequencing results produced stuttering of the base readings and revealed the presence of multiple superimposed peaks. PCR products of those accessions were cloned using the T-Blunt PCR cloning kit (Solgent). Potentially transformed white colonies were incubated in Terrific Broth (Sambrook et al., 1989) at 37 o C overnight, and plasmid DNA was isolated using the QIAprep Spin Miniprep kit (Qiagen). Two to four transformed clones per accession were sequenced with M13R and T7 primers. Sequences were determined using a 3730xl DNA analyzer (Applied Biosystems). Sequences were edited in Sequencher version 5.0 (Gene Codes Corporation, Ann Arbor, MI, USA), aligned manually.
Data analysis
Multiple sequences were aligned using MUSCLE (Edgar, 2004) and were adjusted manually as needed. The three chloroplast regions were concatenated and analyzed simultaneously. The ITS data were analyzed separately and in combination with the cpDNA data. With regard to the accessions for which ITS sequences were determined by cloning, one sequence per accession was randomly selected and included in the combined data. Viburnum clemensiae was used as an outgroup. Phylogenetic analyses were conducted using the maximum parsimony (MP) criterion in PAUP* (Swofford, 2002) and Bayesian method (Huelsenbeck and Ronquist, 2001 ). All characters were treated as unordered and were weighted equally in the MP analyses. Gaps resulting from multiple alignments of indels were treated as missing. Heuristic searches were used with 100 replicates of random sequence additions with tree bisection-reconnection branch swapping, with all of the best trees saved at each step (MulTrees). Bootstrap analyses (Felsenstein, 1985) of 500 pseudoreplicates were conducted for cpDNA and the combined data with heuristic searches and a simple sequence addition in PAUP* to evaluate the support for each clade. "Fast bootstrap" with 50,000 pseudoreplicates was used for the ITS data.
Bayesian phylogenetic analyses were performed with the program MrBayes version 3.2.5 (Huelsenbeck and Ronquist, 2001) . A Markov chain Monte Carlo algorithm was employed for 1,000,000 generations, sampling trees every 100 generations, with four independent chains running simultaneously. Priors were set based on the Akaike information criterion using Modeltest (Posada and Crandall, 1998) . The first 2,000 trees (200,000 generations) were discarded as "burn-in," and the remaining trees for which the log-likelihood values had reached a plateau were imported in PAUP* to calculate the posterior probability of each clade.
We examined key morphological characteristics using the materials collected in field and herbarium specimens deposited in KB (the herbarium of the National Institute of Biological Resources). Voucher specimens for the cross-section of stone to investigate presence of grooves of the stone surfaces and their numbers are provided in Appendix 2.
Results
The lengths of the rbcL, matK, and psbA-trnH regions were 565, 814, and 383-505, respectively. The final alignment of the cpDNA data includes 1,884 sites, among which 51 were parsimoniously informative (2.7%). The ITS data consist of 636 sites, of which 85 were parsimoniously informative (13.4%). The alignment of the combined data of the Korean Viburnum included 51 sequences with 2,517 sites, among which 134 were parsimoniously informative (5.3%). The summary of data and MP analysis were provided in Table 2 . Best-fitting model for molecular evolution was selected as the TIMef model with equal rate for all three data sets.
Phylogenetic analysis of the cpDNA data resolved wellsupported clades of species (Fig. 1) . Four accessions of V. burejaeticum were supported as monophyletic, and those of V. carlesii Hemsl. formed a clade with V. burejaeticum. Monophyly of V. carlesii was not supported in the cpDNA data. Very low levels of variation among V. dilatatum Thunb., V. erosum, V. japonicum, and V. wrightii (hereafter the V. dilatatum complex) were found. The cpDNA data failed to differentiate the species in the V. dilatatum complex (Fig. 1) . Most accessions of V. erosum and V. dilatatum, three of nine accessions of V. wrightii, and all accessions of V. japonicum showed the same sequences. Five accessions of V. wrightii and one of V. dilatatum were resolved as a sister to the remaining accessions of the species complex. DNA sequences from plants collected in Japan (V. japonicum Kyushu 043 and V. wrightii Kyushu 003) were identical to those plants in Korea. Viburnum koreanum was supported as a sister to V. opulus var. calvescens (Rehder) H. Hara. Accessions of V. odoratissimum var. awabuki (K. Koch) Zabel ex Rümpler and V. furcatum formed separate clades supporting the monophyly of each species (Fig. 1) . Viburnum odoratissimum var. awabuki was a sister to the clade of the V. dilatatum complex and V. koreanum + V. opulus (Fig. 1) . These species were resolved as a sister clade to the V. burejaeticum and V. carlesii clade. In our analysis of the cpDNA data, V. furcatum was supported as a sister to all of the Korean species (Fig. 1) . One accession of V. furcatum collected in Hokkaido, Japan was differentiated from the Korean accessions.
The ITS data also showed similar patterns in the cpDNA data (Fig. 2) . Noteworthy differences were that V. furcatum was a sister to V. odoratissimum var. awabuki, albeit low support values, and that the accessions of V. carlesii were strongly supported as monophyletic. All sequences of V. Fig. 1 . One of four maximum parsimony tress from a phylogenetic analysis of the concatenated data of rbcL, matK, and psbA-trnH regions from Viburnum in Korea. Bootstrap values greater than 50% are indicated above the corresponding branch and posterior probability in Bayesian analysis was below. The accession number follows the species name to distinguish each individual. Viburnum clemensiae was used as an outgroup. Fig. 2 . One of 2,075 maximum parsimony trees from a phylogenetic analysis of the internal transcribed spacer regions from Viburnum in Korea. Dotted lines represent branches collapsed in the strict consensus tree. Bootstrap values greater than 50% are indicated above the corresponding branch and posterior probability in Bayesian analysis was below. Accession numbers are indicated following the species name to distinguish each individual. In some accessions of V. erosum and V. japonicum, the sequences were determined by cloning. The clone number follows the accession number. Viburnum clemensiae was used as an outgroup. Yun Gyeong CHOI, Jung Won YOUM, Chae Eun LIM and Sang-Hun OH Fig. 3 . Strict consensus tree of 2,231 maximum parsimony trees from a phylogenetic analysis of the combined cpDNA and internal transcribed spacer (ITS) data from Viburnum in Korea. Bootstrap values greater than 50% are indicated above the corresponding branch and posterior probability in Bayesian analysis was below. The accession number follows the species name to distinguish each individual. For cloned ITS sequences, one randomly selected clone per accession was included in the combined data. Viburnum clemensiae was used as an outgroup.
japonicum except for accession 7216 formed a cohesive unit, a sister to some of the accessions of V. erosum (Fig. 2) . A phylogenetic analysis of the combined data was consistent with the ITS tree (Fig. 3) . The species resolution power, by which each species was differentiated in the phylogenetic tree, was calculated and found to be 60% in separate analyses of the cpDNA and ITS data and in the combined analysis. Viburnum burejaeticum, V. carlesii, V. koreanum, V. opulus var. calvescens, V. odoratissimum var. awabuki, and V. furcatum were distinguished by any of the sequence data. However, the DNA barcode sequences did not differentiate the four species of the V. dilatatum complex.
Discussion
The results of our phylogenetic analysis of three chloroplast regions ( Fig. 1) are consistent with the findings of previous studies Donoghue 2004, 2005; Donoghue 2011, 2012; Clement et al., 2014) . Classification of Viburnum using phylogenetic nomenclature (Clement et al., 2014) was based on a phylogenetic analysis of the chloroplast genome, which recognized four major clades, V. clemensiae, Valvatotinus, Pseudotinus, and Pluriviburnum. Our analysis of the cpDNA data supports these clades (Fig. 1) . Viburnum burejaeticum and V. carlesii classified in sect. Viburnum (Hara, 1983) are recognized in Euviburnum in the phylogenetic nomenclature (Clement et al., 2014) . Euviburnum along with Lentago and Punctata belong to a more inclusive clade of Valvatotinus. Viburnum furcatum is a member of Pseudotinus. Pluriviburnum is a large clade containing most of the diversity of Viburnum (Clement et al., 2014) . The Korean taxa, specifically the V. dilatatum complex, V. koreanum, and V. opulus var. calvescens, belong to Pluriviburnum. The phylogenetic relationships in our analysis of the cpDNA data suggested that Valvatotinus is more closely related to Pluriviburnum than it is to Pseudotinus with a low bootstrap support value (Fig. 1) . Valvatotinus was suggested as a sister clade of Pseudotinus in previous studies (Clement et al., 2014) . However, support values for a close relationship between Valvatotinus and Pseudotinus were low (Clement et al., 2014) .
A phylogenetic analysis of the ITS regions placed Viburnum odoratissimum var. awabuki as a sister to V. furcatum with relatively high bootstrap support (Fig. 2) . The results of a combined analysis of the cpDNA and ITS regions are consistent with the ITS data (Fig. 3) , suggesting that phylogenetic signals from the ITS regions are stronger than cpDNA. Previous analysis of the ITS region and nuclear GBSSI also showed a close relationship between Pseudotinus and Solenotinus, to which Viburnum odoratissimum belongs.
Viburnum furcatum is characterized by having a pair of caducous bud scales resulting in naked buds at a later stage (from late autumn to spring), umbellate inflorescences with marginal sterile flowers, and one deep ventral groove in the stones (Fig. 4) . Our DNA sequence data indicate that the species can be clearly discriminated from other species (Figs.  1, 2) . It is distributed from South Sakhalin, Japan and to Korea and then to Taiwan (Hara, 1983; Kim, 2007) . Although it is common in Japan, its distribution in Korea is restricted, occurring at rather high elevations on Mt. Hallasan and on Ulleungdo Island. A sporadic occurrence of the species at Mt. Jabyeongsan in Gangwon province in Korea was reported (Son et al., 2008) . There is little molecular variation within the species (Figs. 1, 2) . The ITS regions were identical across the Korean accessions examined in this study. ITS sequence from the plant from Hokkaido (accession number 7464) had unique insertion. The Japanese accession was distinguished from the plants on the Jejudo Island in the cpDNA data (Fig. 1) , suggesting that there may have been haplotype diversity with the species. We did not sample plants from Ulleungdo Island or Mt. Jabyeongsan in this study. The cpDNA regions and perhaps more variable regions will be useful to infer the origins of the populations.
Viburnum odoratissimum var. awabuki is found on Jejudo Island in Korea and in Japan, Taiwan, and the Philippines. This species differs from others by having a basic chromosome number of x = 8, which is rare in Viburnum (Zhang et al., 2016) . Most other species of Viburnum have a basic chromosome number of x = 9 (Egolf, 1962) . The species is easily recognized by having subentire leaves and paniculate inflorescences borne on evergreen trees (Fig. 4) . Our DNA barcodes clearly differentiate the species (Figs. 1, 2) .
Viburnum burejaeticum is distributed at high latitudes in Korea, the Russian Far East, and northeastern China. We included samples from Gangwon-do Province in Korea and Jilin in China (Table 1) , and there was no intra-specific variation in both the cpDNA and ITS regions (Figs. 1, 2 ). This species is morphologically distinguished by naked buds and exerted stamens from rotate corolla and is often confused with V. dilatatum when flowers are unavailable. However, V. burejaeticum does not have an extrafloral nectary, whereas V. dilatatum has an extrafloral nectary on the abaxial surface of the leaves (Fig. 4) . Viburnum carelsii was considered to be closely related to V. burejaeticum by having naked buds and Yun Gyeong CHOI, Jung Won YOUM, Chae Eun LIM and Sang-Hun OH stones with two dorsal and three ventral shallow grooves (Hara, 1983) . The two species represent the Euviburnum clade (Clement et al., 2014) . Our molecular data show that the two species can be discriminated (Figs. 1, 2) . Viburnum carelsii can be easily distinguished from V. carlesii by having hypocrateriform corollas in which stamens are included.
Viburnum koreanum and V. opulus are members of the sect. Opulus (Hara, 1983) . Our data with multiple accessions from different populations of V. opulus in Korea resolved the two species as distinct (Figs. 1, 2) . The presence of an extrafloral nectary on the upper part of the petiole is a synapomorphy for Opulus (Clement et al., 2014) . All materials examined here showed these characteristics. Viburnum koreanum, distributed in northern and central Korea and in Manchuria and Hokkaido is rare throughout the range, while V. opulus is common. All specimens labelled as V. koreanum deposited in KB were incorrectly identified; they were V. opulus. Viburnum koreanum can be distinguished from V. opulus by having sharply serrate leaves and smaller inflorescences lacking marginal sterile flowers (Hara, 1983) . Hara (1983) reported that plants from Hokkaido lack a petiolar extrafloral nectary. This can be explained as a secondary loss of the trait within a species.
The V. dilatatum complex, which consists of four closely related species, is characterized by free bud scales and serrate leaves with pinnate veins and extrafloral nectaries at proximal regions on the abaxial surface. The complex formed a highly supported clade in both cpDNA and ITS trees (Figs. 1, 2) . Relationships among the species within the complex are unresolved, however. The DNA barcodes examined in this study could not differentiate the species. This suggests that it is difficult to infer a species boundary from the sequence data in the V. dilatatum complex. A previous cpDNA analysis with 113 species of Viburnum found that V. dilatatum is a sister to a clade that includes V. erosum, V. wrightii, and V. japonicum with low support values (Clement et al., 2014) . Our cpDNA data show that some accessions of V. wrightii are differentiated from the remaining three species (Fig. 1) . However, other accessions of V. wrightii possess a haplotype identical to those of the other species. Likewise, four of six accessions of V. erosum formed with a distinct clade in the ITS data but the remaining two accessions were nested within the V. dilatatum clade (Fig. 2) . All accessions of V. dilatatum except for J9050 formed a cohesive unit particularly in the ITS data (Fig. 2) . The outlier accession J9050 was placed outside of the V. dilatatum clade and had the same cpDNA haplotype as V. wrightii. Incomplete lineage sorting may have played a role in the patterns observed in the DNA barcodes in the V. dilatatum complex.
The species in the complex can be differentiated by morphological characteristics. Viburnum japonicum is easily distinguished from other Korean species in the V. dilatatum complex by having glabrous evergreen leaves. This species is distributed in warm areas of southern Japan from Honshu, Kyushu to the Ryukyu Islands. The distribution range has recently been expanded to include Gageodo Island in southwestern Korea (Hong and Im, 2003) . Viburnum erosum is distributed in southern Korea and offshore islands in western Korea; western Japan; and southern China. It can be distinguished by having stipules. None of the other species of Viburnum in Korea have stipules. Pubescence on branchlets has been used to distinguish the four species (Kim, 2007) . Branchlets of V. japonicum are glabrous, and those of V. wrightii are usually glabrous or occasionally pubescent with long simple hairs. Branchlets of V. erosum have stellate hairs, whereas those of V. dilatatum are densely pubescent with stellate and simple hairs.
Our analyses of DNA barcode regions from multiple accessions of the species of Viburnum in Korea confirm that six out of ten species in Korea can be discriminated at the species level. The V. dilatatum complex can be separated from the remaining species according to molecular data, but the resolution power to differentiate a species within the complex is absent in our data. This study suggests that regional DNA barcodes are useful for molecular species identification for Viburnum when flowering or fruiting materials are not available.
